The protozoan parasite Trypanosoma brucei is the causative agent of human African sleeping sickness and related animal diseases, and it has over 170 predicted protein kinases. Protein phosphorylation is a key regulatory mechanism for cellular function that, thus far, has been studied in T. brucei principally through putative kinase mRNA knockdown and observation of the resulting phenotype. However, despite the relatively large kinome of this organism and the demonstrated essentiality of several T. brucei kinases, very few specific phosphorylation sites have been determined in this organism. Using a gel-free, phosphopeptide enrichment-based proteomics approach we performed the first large scale phosphorylation site analyses for T. brucei. Serine, threonine, and tyrosine phosphorylation sites were determined for a cytosolic protein fraction of the bloodstream form of the parasite, resulting in the identification of 491 phosphoproteins based on the identification of 852 unique phosphopeptides and 1204 phosphorylation sites. The phosphoproteins detected in this study are predicted from their genome annotations to participate in a wide variety of biological processes, including signal transduction, processing of DNA and RNA, protein synthesis, and degradation and to a minor extent in metabolic pathways. The analysis of phosphopeptides and phosphorylation sites was facilitated by in-house developed software, and this automated approach was validated by manual annotation of spectra of the kinase subset of proteins. Analysis of the cytosolic bloodstream form T. brucei kinome revealed the presence of 44 phosphorylated protein kinases in our data set that could be classified into the major eukaryotic protein kinase groups by applying a multilevel hidden Markov model library of the kinase catalytic domain. Identification of the kinase phosphorylation sites showed conserved phosphorylation sequence motifs in several kinase activation segments, supporting the view that phosphoryla-
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Phosphorylation by eukaryotic protein kinases (PKs)
1 is the most intensively studied posttranslational modification in eukaryotic cells mainly because reversible phosphorylation regulates almost every cellular process (1) . PKs make up one of the largest protein superfamilies, comprising the protein-serine/threonine kinases and protein-tyrosine kinases (2) . Knowledge of the fundamental role of protein kinases for cell survival in multicellular organisms has led to functional studies of this enzyme class in parasitic protozoa to search for alternative drug targets to treat tropical diseases (3) . Trypanosoma brucei causes human African trypanosomiasis (also known as African sleeping sickness) and is responsible for ϳ30,000 deaths per annum (4) . Initial bioinformatics analysis of the T. brucei genome revealed the presence of 156 conventional protein kinases (ePks) and 20 atypical protein kinases (aPKs) (5) . Our characterization of the T. brucei genome using a multilevel hidden Markov model (HMM) library of the kinase catalytic domain (6) followed by manual curation identified 170 ePKs and 12 aPKs.
Over the past few years, research on T. brucei protein kinases has largely focused on cell cycle-regulating enzymes because of their potential as targets for African sleeping sickness (3, 7) . Indeed several protein kinases have been shown to be essential for the organism (8 -12) . Most of the above mentioned protein kinases were characterized using techniques such as RNA interference, overexpression of the kinase and/or a kinase-dead version, in vitro and in vivo kinase assays, and immunofluorescence microscopy. However, despite these encouraging investigations, the literature for T. brucei proteins with a predicted role in signal transduction lacks information about their in vivo phosphorylation sites. Knowledge of protein phosphorylation sites, however, is crucial for a complete functional characterization of protein kinases and kinase-substrate relationships (1, 13) .
At the start of this study, only seven phosphorylation sites had been mapped in any of the trypanosomatids: Mehlert et al. (14) had found that six of seven threonine residues of the Gly-Pro-Glu-Glu-Thr repeat-procyclin are phosphorylated using MALDI mass spectrometry, and da Cunha et al. (15) had determined one phosphorylation site at Ser 12 of Trypanosoma cruzi histone H1 protein by electrospray MS. Over the past few years phosphoproteome studies in other organisms using phosphopeptide enrichment in combination with high accuracy mass spectrometry have revealed thousands of novel protein phosphorylation sites and given new insights into the extent and function of this posttranslational modification (16 -20) .
In this study, we used a gel-free peptide-based phosphoproteomics approach to identify 491 trypanosomal phosphoproteins and, where possible, their precise phosphorylation sites. In addition to phosphorylation on serine and threonine residues, we identified several phosphorylated tyrosine residues in T. brucei proteins despite the lack of conventional tyrosine kinases in the T. brucei genome (5) . Furthermore phosphorylation in the activation segment of protein kinases was found to be conserved in T. brucei, suggesting that at least some signaling pathways described in other eukaryotes are conserved in this ancient and highly divergent eukaryote.
EXPERIMENTAL PROCEDURES
Cell Preparation and Lysis-Bloodstream form T. brucei glycosylphosphatidylinositol-specific phospholipase C-null mutant strain RUMP 528 cells (21) were isolated from infected rats and purified over DEAE-cellulose (22) . Cells were washed in T. brucei dilution buffer (5 mM KCl, 80 mM NaCl, 1 mM MgSO 4 , 20 mM Na 2 HPO 4 , 2 mM NaH 2 PO 4 , 20 mM glucose, pH 7.4) and osmotically lysed using water containing protease and phosphatase inhibitors at a ratio of 1 ϫ 10 9 cells:1 ml of lysis buffer (5 mM EDTA, 1 g/ml E-64 protease inhibitor, 0.1 mM N ␣ -tosyl-L-lysinyl-chloromethyl ketone, 1 mM benzamidine, 0.1 mM freshly prepared PMSF, Phosphatase Inhibitor Mixture II (Calbiochem)). The lysate was left at room temperature for 5 min before cooling on ice water. Insoluble material was removed by centrifugation at 100,000 ϫ g for 1 h at 4°C. The supernatant was transferred to a fresh tube and the protein concentration was determined using the Coomassie Plus Protein Assay Reagent (Pierce).
Protein Digestion-About 5 mg of cytosolic protein was precipitated by adding a 50% aqueous solution of ice-cold TCA to the sample to a final concentration of 10% TCA (w/v). Precipitation was performed at 4°C overnight, and the protein pellet was washed twice with an equal volume of ice-cold water. The dried pellet was redissolved and denatured in 20 l 8 M urea, 200 mM ammonium bicarbonate, 20 mM dithiothreitol, and reduction was performed for 2 h at room temperature. Cysteine residues were alkylated by adding an equal volume of 100 mM iodoacetamide (50 mM final concentration) for 1 h in the dark. The reduced and alkylated protein solution was diluted 10-fold with water (final concentrations of 0.4 M urea and 10 mM ammonium bicarbonate) and digested overnight at 30°C with trypsin (Worthington) at a trypsin:protein ratio of 1:100 (w/w).
Phosphopeptide Enrichment-Strong cation exchange (SCX) fractionation of tryptic peptides was performed on a 3.0-mm ϫ 20-cm column (Poly LC, Columbia, MD) containing 5-m polysulfoethyl aspartamide beads with a 200-Å pore size as described previously (23) . The first 15 SCX fractions were freeze dried and subjected to titanium dioxide (TiO 2 ) chromatography as follows. Each SCX fraction was redissolved in 50 l of 200 mg/ml 2,5-dihydroxybenzoic acid dissolved in 80% acetonitrile, 2% trifluoroacetic and incubated for 5 min with ϳ2 mg of TiO 2 beads that had been prewashed in the same solution. The beads were then transferred into a ZipTipC 18 (Millipore) and washed twice with 45 l of 80% acetonitrile, 2% trifluoroacetic. Bound peptides were eluted with 30 l of 0.6% ammonia solution, pH 10.5, and the eluted phosphopeptides that absorbed to the underlying C 18 material of the ZipTip were eluted with 10 l of 30% acetonitrile followed by 10 l of 50% acetonitrile, 0.05% trifluoroacetic acid. The combined eluates were dried, reconstituted in 20 l of 5% formic acid, vortexed vigorously, and diluted to a final concentration of 1% formic acid with water for LC-MS/MS analysis.
Liquid Chromatography-Mass Spectrometry-Liquid chromatography was performed on a fully automated UltiMate Nano LC System (Dionex) fitted with a 1 ϫ 5-mm PepMap C 18 trap column and a 75-m ϫ 15-cm reverse phase PepMap C 18 analytical nanocolumn (LC Packings, Dionex). Samples were loaded in 0.1% formic acid (buffer A) and separated using a binary gradient consisting of buffer A and buffer B (90% acetonitrile, 0.08% formic acid). Peptides were eluted with a linear gradient from 5 to 40% buffer B over 130 min. The HPLC system was either coupled to a hybrid quadrupole time-offlight mass spectrometer (QSTAR XL, Applied Biosystems) or an LTQ-Orbitrap mass spectrometer (Thermo Electron), both equipped with a nanospray ionization source. The QSTAR XL mass spectrometer was operated in a data-dependent mode, which consisted of a MS survey scan (m/z 400 -2000) for 1 s followed by four 2-s MS/MS scans (m/z 60 -1800) of the four most intense doubly or triply charged ions exceeding 10 counts. Former target ions were excluded for 180 s. The mass spectrometer was calibrated using 1 pmol/l Glufibrinopeptide B. In the LTQ-Orbitrap mass spectrometer a survey scan was performed over a split mass range (m/z 300 -800 and m/z 800 -2000) in the Orbitrap analyzer (R ϭ 60,000), each scan triggering five MS 2 LTQ acquisitions of the five most intense ions using multistage activation on the neutral loss of 98 and 49 thomsons. The Orbitrap mass analyzer was internally calibrated on the fly using the lock mass of polydimethylcyclosiloxane at m/z 445.120025.
Data Processing-Peak list files of the SCX-TiO 2 experiments produced in the Mascot generic format were concatenated using the Mascot daemon engine (Matrix Science, London, UK) for QSTAR XL spectra. Raw files obtained from the LTQ-Orbitrap were converted to Mascot generic files using Raw2msm software (a gift from Prof. Matthias Mann) before merging into a single file. Data files were searched against concatenated forward and reversed sequence databases consisting of amino acid sequences from T. brucei strain 927 and translated open reading frames from T. brucei strain 427 using the Mascot searching engine (Mascot V2.1, Matrix Science). This database was then filtered to allow a non-redundant protein set to be determined by clustering at the 95% level of a self-match bit score. A detailed description of the database construction is in supplemental Material S1. The search criteria for QSTAR XL data were as follows: one missed cleavage was allowed; carbamidomethylation (Cys) was set as a fixed modification; oxidation (Met), N-acetylation (protein), phosphorylation (Ser/Thr/Tyr), and pyro-Glu (N-terminal Glu) were set as variable modifications; precursor ion mass tolerance was 1.1 Da; and fragment ion mass tolerance was set to 0.5 Da. For LTQ-Orbitrap data the precursor ion mass tolerance was set to 20 ppm and 0.8 Da for all MS 2 spectra acquired in the LTQ mass analyzer. Data Analysis and Validation-The Mascot results output file was parsed with custom Perl scripts using the Mascot parser (Matrix Science) and stored in a relational database, the Mascot Large Results Viewer, to be able to view and extract information from large proteomics data sets in a timely manner. Peptide match data for the forward sequences that met quality control criteria were imported into a separate database system, the T. brucei PhosphoProteomics database (TryPP-DB), to allow further curation and analysis of the spectra. Imported data were filtered on peptide accurate mass (delta mass within 0.1 Da, allowing a mass shift of 1 Da for the 13 C isotope) and on Mascot hit rank. If the Mascot score difference between the highest ranking peptide sequence and a lower ranked isoform was 20 or more, the lower ranking peptide entry was excluded from further analysis. A Mascot score threshold was determined as the 1% false discovery rate (FDR1) by calculating the false discovery rate for each experiment in the following way. All peptide hits from forward and reverse databases corresponding to proteins in the non-redundant set and meeting the quality criteria described above were ranked by Mascot score. FDR1 was determined as the lowest score n where the proportion of reverse hits with score greater than n was less than 1% of the number of forward hits with score greater than n. Peptides with scores below this threshold were excluded from the analysis.
The assignment of phosphopeptides and annotation of individual phosphorylation sites were performed automatically using in-house developed software on all phosphopeptide matches with a Mascot score Ͼ25. For phosphopeptides belonging to the kinase subset of proteins, confirmation of assignment and site annotation were also performed manually. The automated assignment and annotation method is described in detail elsewhere, 2 but in summary, the assignment of a phosphopeptide requires the following criteria to be met. (i) A series of either four or five of six sequential b-or y-ions ions must be present. (ii) For proline-containing peptides, at least one enhanced fragmentation N-terminal to the Pro residue (excluding peptides containing Pro-Pro and Gly-Pro sequences) must be present. (iii) At least three singly charged peptide fragment ions that have lost phosphoric acid (Ϫ98 Da) must be present. Only those peptides with MS/MS spectra that met these criteria were taken to the second level of phosphorylation site annotation.
For the annotation of a phosphorylation site within a peptide sequence, the modified site had to be determined unambiguously by observing distinct site-determining ions, i.e. those derived from a transition between two fragment ions as a result of a neutral loss of phosphoric acid from threonine and/or serine residues that could not be assigned to an alternative phosphorylation site. Phosphotyrosine residues were assigned according to the presence of a unique transition between two fragment ions of 243 Da.
Additionally for the manual inspection of the spectra of the kinase subset of proteins, phosphopeptides that did not show at least three fragment ions with loss of phosphoric acid were accepted if the peptide length was less than 12 amino acids and/or in the absence of a good b-ion series if the modification site was within the first four amino acids of the N terminus. The observation of a strong precursor ion and/or the detection of a precursor ion without the phosphate group(s) was also used as an advisory criterion if there were less than three Ϫ98 Da fragment ions in the spectrum.
Bioinformatics Analysis-All T. brucei sequences were analyzed with the freely available phosphorylation site prediction programs "NetPhos" and "Scansite" using the default settings. Predicted phosphorylation sites were recorded in TryPP-DB. In addition, regular expression patterns matching known phosphorylation sites were obtained from the ELM database (25) and from the list described by Macek et al. (20) and matches to the T. brucei protein set identified using the European Molecular Biology Open Software Suite program fuzzpro (26) . All T. brucei 927 sequences were aligned against the phospho.ELM database (27) of phosphoproteins with blastp. Regions showing similarity were parsed, and sites were recorded where known phosphorylation sites in the phospho.ELM database aligned with serine, threonine, or tyrosine residues. Storage of these data in a relational database facilitated subsequent analysis of the prevalence of known kinase substrate motifs and an evaluation of the efficacy of substrate site prediction programs.
T. brucei Kinome Characterization-Version 4 of the annotated proteome of T. brucei (release, May 2006) was downloaded from the Sanger Institute. The peptide sequences were scanned through a highly sensitive and specific multilevel HMM library (6) of the protein kinase superfamily followed by expert curation. Assignment of putative protein kinases to the main ePK and aPK groups was done by using the E-value cutoffs specific for each group as described previously (6) .
T. brucei Phosphoprotein Categories-Functional assignment of the phosphoproteins was performed manually from primary scientific publications because the majority of the phosphoproteins detected in this study have not been mapped to Gene Ontology categories.
RESULTS
Characterization of the T. brucei Kinome-Using a highly sensitive and specific multilevel HMM (see "Experimental Procedures" for details) we identified 170 ePKs and 12 aPKs (see Table I ). No protein kinases were found to contain more than one kinase catalytic domain. Our T. brucei kinome analysis represents an enhancement of the previously published kinome (5), which had listed 156 ePKs and 20 aPKs. We identified kinases that had not been included in the previous version of the T. brucei proteome (e.g. Tb05.5K5.80) and thus could not have been identified by Parsons et al. (5) . Moreover two ePKs included in their study (5) (Tb927.7.3190 and Tb927.3.1300) are not included in the present study as they do not seem to possess kinase catalytic domains. Our list of aPKs is shorter because we only include those aPK families that have been shown to possess kinase catalytic activity (Alpha, PDHK, PIKK, and RIO). To assign homology relationships to the T. brucei kinases within each group, we carried out phylogenetic analyses to compare the kinome of the parasite with the previously characterized kinomes of Homo sapiens and Dictyostelium discoideum (6) , Encephalitozoon cuniculi, Saccharomyces cerevisiae, and Schizosaccharomy-ces pombe (28) and the kinomes of nine Apicomplexan parasites 3 (see Table I for comparison). As previously found by Parsons et al. (5) , no protein kinases of the groups RGC (receptor guanylate cyclase), TK (tyrosine kinase), or TKL (tyrosine kinase-like kinase) were found. Receptor guanylate cyclases are likely to be a late metazoan innovation, whereas tyrosine kinases and tyrosine kinase-like kinases might have predated the radiation of eukaryotes and have been subsequently lost in a number of lineages (6) . However, tyrosine phosphorylation is likely to be carried out by dual specificity protein kinases (such as Wee and dual specificity tyrosine phosphorylation-regulated kinase (DYRK) family kinases) in T. brucei. The largest group was found to be the CMGC group, which includes all the cyclin-dependent kinases (CDKs) and mitogen-activated protein (MAP) kinase cascades. It must be noted that all Apicomplexa and the intracellular parasite E. cuniculi lack canonical MAP kinase signaling modules, which have been presumably lost in these parasites (28) . Therefore, the presence of MAP kinase cascade homologues (supplemental Table S1 ) suggests that this conserved signaling route is important in T. brucei. Because trypanosomatids transcribe most of their genes in large polycistronic units, signaling cascades in these parasites may function in posttranscriptional regulation.
Acquisition of Mass Spectrometric Data-Cytosolic proteins of bloodstream form T. brucei were digested with trypsin in solution, and phosphopeptides were first separated by low pH SCX HPLC. The first 15 SCX fractions were further enriched for phosphopeptides by TiO 2 chromatography. Each enriched fraction was subjected to LC-MS/MS three times, twice on a QSTAR XL mass spectrometer and once on an LTQ-Orbitrap instrument. Concatenated data files were used to search an in-house T. brucei protein database consisting of forward and reverse sequences with Mascot software. The output data were stored in a relational database (TryPP-DB) after quality filtering on precursor ion mass, the relative Mascot score of phosphopeptide isoforms, and a 1% FDR based on decoy sequences (see "Experimental Procedures" for details).
Phosphoproteome Data Analysis-The MS/MS spectra of putative phosphopeptides were subjected to an automated assessment using a set of stringent criteria (see Fig. 1 ) that produced a list of "autovalidated" phosphopeptides. Spectra of putative phosphopeptides belonging to proteins annotated in GeneDB and/or UniRef with the word "kinase" were also manually inspected using the same criteria, modulated with expert knowledge, to produce a list of "manually validated" phosphopeptides. The MS/MS spectra of autovalidated phosphopeptides were further filtered automatically to assess whether a precise phosphorylation site(s) could be annotated (Fig. 1) . As a test set of biological interest, all of the MS/MS spectra of the manually validated phosphopeptides were also manually inspected to determine whether unambiguous phosphorylation sites could be annotated. From these analyses, the automated method identified 91 unambiguous precise kinase phosphorylation sites belonging to 42 kinase proteins, whereas full manual inspection identified 99 sites on 47 kinase proteins (excluding TbTRACK; see below) (see Fig. 1 ). Examples of MS/MS spectra for an auto-and manually validated phosphopeptide and one that only survived manual validation are shown in Fig. 2 . Of the 91 autovalidated phosphorylation sites, eight sites on threonine residues were absent from the manually validated list, suggesting that the automated method, although stringent, has a false positive rate of about 10% and needs further development particularly in the assignment of appropriate threshold settings of MS/MS spectra. 2 Of the remaining 449 non-kinase T. brucei phosphoproteins detected in our study, the location of phosphate groups on specific serine/threonine/tyrosine residues was predicted automatically for 1113 phosphorylation sites. This is a useful resource for the field of trypanosome research with the caveat that automated phosphopeptide identifications should be confirmed by manual inspection of the supporting MS/MS spectra in the database before being used experimentally.
The phosphoproteins detected in our phosphoproteomics screen of the cytosolic fraction of bloodstream form T. brucei are predicted from their genome annotations to participate in a wide variety of biological processes, including signal transduction, processing of DNA and RNA, protein synthesis, and degradation and to a lesser extent in metabolic pathways. Significantly overrepresented were phosphoproteins with hitherto unknown functions (MS hits to "hypothetical proteins") (see Fig. 3 ). A complete list of identified phosphoproteins, phosphopeptides, and phosphorylation sites (supple- 1 . Phosphoproteome work flow. The diagram illustrates the effects of the various data filtering and criteria regimes used to collapse the raw data into a list of automatically and manually assigned phosphopeptides and automatically and manually annotated phosphorylation sites. The numbers in parentheses on the left side of the diagram refer to automatically processed data for the kinase subset of proteins. Numbers on the right side of the diagram refer to manually processed data for the same kinase subset of proteins. In the diagram, the number of "observations" refers to the number of Mascot hits to potentially mono-or multiply phosphorylated peptides; the number of "isoforms" refers to the total number of unique phosphopeptides and those with potentially different phosphorylation site modification patterns; the number of "phosphopeptides" refers to the number of phosphopeptides regardless of multiple phosphorylation and potential isoforms; the number of "phospho-sites" refers to the number of distinct annotated phosphorylation sites; the number of "phosphoproteins" refers to the number of proteins containing one or more annotated phosphorylation sites or assigned phosphopeptides. The automated phosphopeptide assignment and phosphorylation site annotation method is described in detail elsewhere.
2 pTyr, phosphotyrosine.
The Phosphoproteome of Bloodstream Form T. brucei mental Table S2 ) as well as annotated mass spectra (supplemental Material S2) can be found in the supplemental material and is also accessible via an on-line extract from the TryPP-DB.
Analysis of the T. brucei Cytosolic Kinase Phosphoproteome-Manual annotation of phosphopeptides belonging to the kinase subset of phosphoproteins led to the identification of 43 phosphorylated ePKs, one phosphorylated aPK (see Table II ), and three phosphorylated non-protein kinases involved in nucleoside/nucleotide metabolism (Table III) . The identified protein kinases could be categorized into seven major ePK groups using a multilevel HMM library of the kinase catalytic domain and represented about 25% of all predicted ePKs in T. brucei. The majority of kinases identified in our phosphoproteomics screen were members of the CMGC group (18 of 47 predicted members). Five protein kinases were classified as CAMK members (28 predicted), seven protein kinases were found to belong to the AGC group (22 predicted) , and another six were designated as STE group members (28 predicted). In addition, we identified three members of the NEK kinase group (20 predicted) and another three protein kinases of the "other" kinase group (40 predicted) , and one protein kinase could be assigned to the CK1 group (five predicted members). We also found the T. brucei homologue of RACK1 (receptor for activated protein kinase C-1) to be phosphorylated (see Table II ). RACK1 is involved in recruiting signaling proteins to specific membrane sites (29) and has been shown to be required for cytokinesis in T. brucei (30) .
The distribution of all unambiguously assigned phosphorylation sites from 491 proteins was found to be 906 phosphoserine sites (75%), 259 phosphothreonine sites (21.5%), and 39 phosphotyrosine sites (3.5%) as determined by our automated assignment method (see Table IV ). Manual spectral validation of the kinase subset of proteins resulted in the identification of 63 phosphoserine, 24 phosphothreonine, and 13 phosphotyrosine residues yielding a serine/threonine/tyrosine distribution of 63/24/13%. In this case, most of the phosphotyrosine sites (12 of 13) were found on members of the CMGC kinase group. Approximately half of the ePKs were found to be multiply phosphorylated, ranging from two distinct phosphorylation sites to a maximum of nine sites found on two proteins (Tb09.211.2410 and Tb10.61.1180) (see Table II ).
In this study we also examined phosphorylation site predictions, which have been described in the literature (20, 25, 31) , using our T. brucei phosphoproteome data set. Several sets of kinase recognition motifs, described as either a regular expression or as a probabilistic model, were applied to our data set, and 95 patterns and motifs specific to individual kinases showed at least one match to T. brucei phosphoproteins. The 95 patterns form a redundant set with the same pattern being represented in multiple resources. Likewise there may be many patterns for a single kinase class or
FIG. 2. Example of an MS
2 spectrum for an auto-and manually validated phosphopeptide (A) and an MS 2 spectrum that was only accepted by manual inspection but failed in the automated validation process (B). Shown in A is the MS 2 spectrum of the serine-phosphorylated (pS) peptide AGQLSApSTTQGASTLGR of protein kinase Tb927.1.1530 acquired on a QSTAR XL mass spectrometer. Peptide ions derived from b-and y-ion fragmentation are indicated. Neutral loss of phosphoric acid was observed at Ser 321 (indicated with a gray box). Shown in B is the fragmentation spectrum of the diphosphorylated peptide GLHVSQPLpTEpYVSTR of protein kinase Tb09.211.0960 measured on a QSTAR XL mass spectrometer. Phosphorylation at the threonine (pT) and tyrosine (pY) residue of the TEY motif could be deduced because of the neutral loss of phosphoric acid starting from the y 7 ion (ϪP) and the observed mass increment of 243 Da (ϩP), respectively. This peptide was rejected by the automated validation method because of the presence of only two singly charged desphospho fragment ions (see Footnote 2) . Rel. Int., relative intensity. Table S3 . The motifs matching sites that are least frequently occupied (nil or very low phosphorylation) tend to be those matching kinases and systems not identified in the parasite (see supplemental Table  S3 ). In contrast, almost every motif corresponding to kinases known to be present in T. brucei shows strong positive hits. A more comprehensive analysis taking into account sequence and interaction context for each protein is beyond the scope of this analysis.
Two broad spectrum phosphosite predictors, NetPhos and Scansite, were also applied to our phosphoproteome data set. Taking the results of the Scansite and NetPhos prediction algorithms together, 75% of all phosphorylation sites for the manually validated kinase subset of proteins were found by the prediction programs using the default settings (see Tables  II and III) . The fact that 25% of the manually validated sites were not predicted by the programs may indicate that T. brucei has some kinases with novel substrate specificity, perhaps providing scope for the identification of new motifs for hitherto uncharacterized kinases.
DISCUSSION
A growing number of phosphoproteome studies have shed light on the extent and function of protein phosphorylation in various organisms and contributed to an increased understanding of complex cell signaling pathways. This study presents the first large scale analyses of a T. brucei phosphoproteome and, as expected, confirms the generality of serine/ threonine/tyrosine phosphorylation in eukaryotes. We used mass spectrometry-based technologies to analyze 491 T. brucei phosphoproteins based on the detection of 852 unique phosphopeptides. Most T. brucei phosphorylation sites were detected on serine residues (75%) and threonine residues (21.5%) and to a lesser extent on tyrosine residues (3.5%). In comparison, recent studies using mass spectrometry-based approaches found this ratio to be 86/12/2% in HeLa cells (32) and 70/20/10% in prokaryotic cells (19, 20) . Thus, T. brucei displays phosphoserine and phosphotyrosine contents more similar to prokaryotes than higher eukaryotes.
Of the 491 T. brucei phosphoproteins, 44 kinases were detected. Interestingly about half of the kinases were found to be phosphorylated at more than one site, suggesting that the well established paradigm that protein kinases act as molecular "switchboards" integrating signaling pathways (1) extends to this divergent protozoan parasite. At 182 protein kinases, the kinome of T. brucei is larger than those of S. cerevisiae (ϳ1.5 times (28)), S. pombe (ϳ1.5 times (28)), the malaria parasite (ϳ2 times (33)), and the intracellular parasite E. cuniculi (ϳ1.7 times (28)). This suggests that cellular signaling by reversible protein phosphorylation has evolved a sophisticated and central role in T. brucei. The protozoan parasite Toxoplasma gondii has a larger kinome (356 PKs), 2 but in relation to its proteome, the T. gondii complement is smaller (1.5 versus 2.0% for T. brucei) (see Table I ).
Typical protein-protein-interacting domains mediating phosphopeptide recognition and thereby integrating signals within the cell have been shown to be present in T. brucei. For example, the phosphothreonine-binding forkhead-associated domain (FHA) is present in one of the T. brucei CAMKs (5) and a phosphoserine/threonine-binding polo box domain is present in the parasite polo-like kinase (Plk) homologue TbPLK (11, 35) . Furthermore isoforms of 14-3-3 proteins that bind to specific phosphoserine and phosphothreonine motifs have been described in T. brucei (36) . However, common phosphotyrosine-binding domains, such as the Src homology 2 (SH2) domain and phosphotyrosine-binding (PTB) domain, are notably absent in the T. brucei genome consistent with the lack of identifiable receptor and non-receptor tyrosine kinases in this organism. On the other hand, we identified 13 phosphorylated tyrosine residues on bloodstream form T. brucei protein kinases by our mass spectrometry-based approach. The vast majority of these sites were found on proteins belonging to the CMGC protein kinase group, including cyclin-dependent kinases, MAP kinases, glycogen synthase 3 kinase (GSK3), and DYRKs.
Cell division cycle 2-related protein kinases (CRK1, CRK2, and three CRK3) were found to be phosphorylated on Tyr 16 
TABLE IV Phosphorylation site distributions
Ratios of phosphorylated serine/threonine/tyrosine residues occurring on total proteins (all proteins) and the kinases (kinase set) are displayed. Phosphorylation sites were assigned manually for the kinase set and automatically (auto) for all proteins, applying stringent criteria for validation. We also identified phosphorylated tyrosine residues in the activation loops of putative T. brucei DYRKs. This family of protein kinases activate themselves by autophosphorylation of a critical tyrosine residue in their activation segment and phosphorylate their substrates on serine and threonine residues (38, 39) . DYRKs generally contain an YXY motif in their activation loop as part of the conserved sequence YXYIQS-RFY. In three T. brucei DYRKs we found a phosphorylated tyrosine (pY) residue within the sequences FTpYIQSRFY (for Tb11.02.0640), SSpYVQSRCY (for Tb10.100.0230), and HTpYVQSRYY (for Tb10.61.1520). The presence of a phosphorylated tyrosine residue in the putative activation loops of the T. brucei DYRK homologues strongly suggests that these are active dual specificity protein kinases in the parasite.
Human GSK3␤ protein kinase also contains a tyrosine phosphorylation site (Tyr 216 ) in the activation loop generated by an intramolecular autophosphorylation event, which is important for activity (40) . The tyrosine phosphorylation site is part of the sequence NVSYICS, and the T. brucei GSK3␤ homologue was found to be phosphorylated at Tyr 187 within the sequence NVApYICS. Moreover phosphorylation of human GSK3␤ by p90rsk1 (90-kDa ribosomal S6 kinase-1) in vivo on Ser 9 inactivates the kinase (41) . Interestingly the T. brucei GSK3␤ homologue was found to be phosphorylated at the N-terminal Ser 2 residue, which could represent a comparable GSK3␤ inhibitory site. Both the detection of a phosphorylated tyrosine residue in the activation loop and a phosphorylated serine residue at the N terminus suggests that the mechanism of kinase activation and inactivation may be similar in T. brucei to that in mammals. In addition, we identified the T. brucei GSK3␣ phosphotyrosine residue Tyr 277 within the sequence NVPpYIFS that corresponds to the human GSK3␣ Tyr 279 in NVSpYICS. We also obtained information on the phosphorylation status of members of the T. brucei MAP kinase family. The signature TEY motif specific for members of the ERK and MAPK/MAK/ MRK overlapping kinase (MOK) families was found to be phosphorylated in two T. brucei kinases (Tb10.61.1850 and Tb11.01.8550), including the previously characterized ERKlike, CRK-like kinase-1 (ECK1) (10) . Members of the male germ cell-associated kinase (MAK) and MAK-related kinase (MRK) families as well as KKIALRE and KKIANRE kinases show modest homology to both MAP kinases and CDKs, which all share a TDY motif in the activation loop (42) . Our phosphoproteomics studies revealed the dual phosphorylation of the TDY motif of the functionally characterized T. brucei MAPK5 (Tb927.6.4220) (43) . Interestingly we also detected phosphorylated TXY motifs in T. brucei MAP kinases in which the threonine and tyrosine residues were separated by a serine as in Tb927.6.1780 (TSY). The T. brucei genome contains several STE family members, which are thought to represent MEKs (STE7), MEK activator kinases MEKKs (STE11), and upstream kinases of MEKKs (STE20) (5). Our study identified six STE kinases, suggesting that this enzyme family is regulated by phosphorylation, and together with the observation of MAP kinase expression indicates that phosphorylation of STE kinases might influence their ability to interact with their MAP kinase substrates.
In summary, we show, for the first time, that known kinase activating and deactivating phosphorylation sites are conserved in T. brucei suggesting that at least some segments of known signal transduction pathways are conserved in this organism. This is despite the fact that we currently have no idea what the upstream receptors or downstream effectors of these pathways might be in this parasite. For example, our study shows the expression and phosphorylation of the D. discoideum ERK1 homologue kinase (Tb10.61.0250) and also the presence of phosphorylated STE kinases, which points to the existence of an ERK1/2 signal transduction pathway in T. brucei. However, canonical signal transduction via ERK1/2 is mediated by receptor tyrosine kinases and G protein-coupled receptors via Raf1, which is a tyrosine kinase-like kinase. The tyrosine kinase-like kinase group and G protein-coupled receptors as well as proteins with phosphotyrosine-binding domains are absent from the T. brucei genome, indicating that any trypanosome equivalent of an ERK1/2 pathway must be activated by a completely different mechanism. The study by Parsons et al. (5) identified 10 putative receptor-linked protein kinases among which were proteins belonging to the STE kinase family that might represent the upstream activator proteins of T. brucei ERKs. However, the extracellular stimuli triggering signal transduction cascades in T. brucei are still unknown, making the mapping of stimulus/response networks extremely difficult. Hopefully the data set provided from this work together with the T. brucei kinome will assist researchers in designing experiments to map signal transduction pathways in this medically important organism.
